Earlier experiments have shown that cyclosporin A (CsA) and its non-calcineurin inhibitory analog NIM811 attenuate mitochondrial dysfunction after experimental traumatic brain injury (TBI). Presently, we compared the neuroprotective effects of previously determined mitochondrial protective doses of CsA (20 mg/kg intraperitoneally) and NIM811 (10 mg/kg intraperitoneally) when administered at 15 mins postinjury in preventing cytoskeletal (a-spectrin) degradation, neurodegeneration, and neurological dysfunction after severe (1.0 mm) controlled cortical impact (CCI) TBI in mice. In a first set of experiments, we analyzed calpain-mediated a-spectrin proteolysis at 24 h postinjury. Both NIM811 and CsA significantly attenuated the increased a-spectrin breakdown products observed in vehicle-treated animals (P < 0.005). In a second set of experiments, treatment of animals with either NIM811 or CsA at 15 mins and again at 24 h postinjury attenuated motor function impairment at 48 h and 7 days (P < 0.005) and neurodegeneration at 7 days postinjury (P < 0.0001). Delayed administration of NIM811 out to 12 h was still able to significantly reduce a-spectrin degradation. These results show that the neuroprotective mechanism of CsA involves maintenance of mitochondrial integrity and that calcineurin inhibition plays little or no role because the non-calcineurin inhibitory analog, NIM811, is as effective as CsA.
Introduction
Traumatic brain injury (TBI) is a leading cause of morbidity and mortality in children, young adults, and geriatric people. Every year, approximately 1.6 million people have head injury in the United States, with nearly 60,000 deaths (Marik et al, 2002) . Despite recent advances in the prognoses and management of TBI, specific therapy remains elusive, in part owing to the incomplete understanding of the pathological secondary injury mechanisms that proceed from the primary shearing of neurons and blood vessels. This major unmet clinical problem has focused a majority of neurotrauma research on the discovery and development of neuroprotective agents that could ameliorate the morphological and pathophysiological effects of the disease through timely pharmacological intervention. Experimental TBI research has uncovered several injury mechanisms that are believed to be major contributing factors to the morphological and pathological features of TBI, including alterations in excitatory amino acids such as glutamate, cytosolic calcium (Ca + 2 ) overload, reactive oxygen species (ROS) generation, activation of cysteine proteases such as calpain and activation of apoptotic cell death cascades (Buki et al, 1999b; Crompton, 1999; Faden et al, 1989; Hall et al, 1994; McIntosh et al, 1996; Saatman et al, 1996) .
It has been shown that damage to the bioenergetic integrity of mitochondria plays a critical role in posttraumatic neuronal death (Xiong et al, 1997) , and that the formation and opening of the mitochondrial permeability transition pore (mPTP) is one of the core mediators of this process (Ankarcrona et al, 1995; Bernardi, 1996; Crompton, 1999; Sullivan et al, 1999) . Although Ca + 2 plays a pivotal role in normal neuronal function, excessive intracellular Ca + 2 accumulation causes a severe reduction in mitochondrial membrane potential, which triggers the formation and opening of the mPTP, mitochondrial oxidative damage (Mbye et al, 2008; Singh et al, 2006) , and eventual cell death. Mitochondrial dysfunction and the loss of synaptic homeostasis have been shown after cortical contusion injury (Sullivan et al, 1998) , implicating mitochondria as key participant in TBI-induced neuropathology. Support for this conclusion comes from multiple studies showing that posttraumatic administration of cyclosporin A (CsA), a potent inhibitor of mPTP formation, attenuates cortical mitochondrial dysfunction, neuronal damage, and synaptic loss after TBI in rats or mice Sullivan et al, 2000b) . Furthermore, other investigators have reported the neuroprotective role of CsA in limiting calpain activation (Ferrand-Drake et al, 2003) , axonal damage , and memory performance (Alessandri et al, 2002) after an insult to the CNS. The underlying mechanism through which CsA is believed to mediate its neuroprotective effect is through its inhibition of the mPTP, a Ca + 2 -dependent proteinacious pore that disrupts the mitochondrial membrane potential (DC m ), depletes ATP, and equilibrates small solutes and ions between the cytosol and the mitochondrial matrix, leading to cellular dysfunction (Crompton, 1999; Waldmeier et al, 2002) .
However, some investigators have suggested that CsA's neuroprotective capability may be mediated in part through its inhibition of calcineurin. Calcineurin is a protein phosphatase that dephosphorylates apoptogenic proteins such as Bad, allowing it to bind other antiapoptotic Bcl-2 family members. Binding and inhibition of antiapoptotic proteins by Bad triggers the release of cytochrome c and other proapoptotic proteins from the mitochondrial intermembrane space (Kroemer and Reed, 2000; Waldmeier et al, 2002) . To show calcineurin's involvement in CsA's neuroprotective mechanism, other immunophilin ligands such as tacrolimus (FK506), which inhibit calcineurin, but lack the ability to suppress mPTP opening have been shown to produce neuroprotective effects (Marmarou and Povlishock, 2006; Reeves et al, 2007) .
Recently, we have shown in a mitochondrial bioenergetic mechanistic study that the CsA derivative, N-methyl-4-isoleucine-cyclosporin (NIM811), which mimics the action of CsA in preventing mPTP formation and opening, but lacks the ability to inhibit calcineurin (Waldmeier et al, 2002) , can fully duplicate the mitochondrial protective efficacy of CsA, suggesting that inhibition of mPTP may be sufficient to explain CsA's protective effects (Mbye et al, 2008) . To provide a more comprehensive mechanistic validation of the role of mitochondrial permeability transition inhibition in CsA's neuroprotective mechanism, in this study, we compared the ability of NIM811 and CsA to prevent calpainmediated cytoskeletal degradation, attenuate neurological dysfunction, and reduce axonal degeneration after TBI in mice. First, we analyzed calpainmediated proteolysis by measuring breakdown of the cytoskeletal protein, a-spectrin after TBI. Second, we examined motor function recovery at 48 h and 7 days after injury, using a composite Neuroscore. Third, we determined the extent of neuronal damage at 7 days using the de Olmos silver staining histochemical method. Specifically, this technique identifies degenerating axons and dendrites Switzer, 2000) . Lastly, we evaluated the therapeutic time window for NIM811 in terms of its ability to attenuate the increase in a-spectrin proteolysis observed at 24 h postinjury.
Materials and methods

Animals
The studies were performed using young adult male CF-1 mice (Charles River, Portage, MI, USA) weighing 29 to 31 g. All animals were housed in the Division of Laboratory Animal Resources sector of the University of Kentucky Medical Center, which is fully accredited by AAALAC. Procedures follow protocols approved by the University of Kentucky's Institutional Animal Care and Use Committee.
Mouse Model of Focal (Controlled Cortical Impact) Traumatic Brain Injury
The Controlled Cortical Impact (CCI) model uses a nonpenetrating, localized deformation of the cortex that histopathologically resembles closely cortical contusion seen clinically. This model also uses a pneumatic impactor with which we can independently control the contact velocity and the level of cortical deformation, thus altering the severity of the injury. In these sets of experiments, the contact velocity of the impactor was set at 3.5 ms, while inducing a severe (1.0 mm) cortical contusion. Mice were initially anesthetized in a plexiglass chamber using 4.0% isoflurane and placed in a stereotaxic frame (David Kopf, Tujunga, CA, USA). During the injury procedure, anesthesia was maintained with 2.5% isoflurane delivered via a nose cone. The head was positioned in the horizontal plane with the nose bar set at zero. After a midline incision exposing the skull, a 4.0 mm craniotomy was made lateral to the sagittal suture and centered between bregma and lambda. The skull cap at the craniotomy was carefully removed without damaging the underlying dura, and the exposed cortex was injured using a pneumatically controlled impactor device with a 3.0 mm flat-tip diameter, as described previously Singh et al, 2006) , except that the current device uses a unique contact sensor mechanism that ensures accurate and reliable determination of cortical surface before initiating injury. This results in increased accuracy and reproducibility in regards to the CCI injury compared with that produced by earlier CCI devices. After injury, the craniotomy was closed by placement of a small disk of saline-moistened Surgicil over the dura, followed by gluing a 6.0 mm disk made of dental cement over the site with super glue. The animals were then placed in a Hova-Bator Incubator (model 1583; Randall Burkey Co., Boerne, TX, USA), which was set at 371C, until consciousness (i.e., return of right reflex and mobility) was regained.
Experimental Design for a-Spectrin Proteolysis Studies
Our calpain-mediated a-spectrin proteolysis experiment involved four groups of mice (sham, vehicle-treated intraperitoneally, 10 mg/kg NIM811-treated intraperitoneally, and 20 mg/kg CsA-treated intraperitoneally) with an N of 8 per group, and 1 animal per N. The doses of NIM811 and CsA were selected based on previous studies showing that these are the optimal doses for preventing posttraumatic mitochondrial dysfunction in mice subjected to CCI TBI (Mbye et al, 2008; Scheff and Sullivan, 1999 
Tissue Extraction and Protein Assay
At the time of killing, mice were deeply anesthetized with CO 2, and decapitated. The ipsilateral cortical area of interest was then rapidly dissected on an ice-chilled stage as previously described (Deng et al, 2007) , and immediately transferred into precooled Triton lysis buffer (1% Triton, 20 mmol/L Tris HCl, 150 mmol/L NaCl, 5 mmol/L EGTA, 10 mmol/L EDTA, 10% glycerol) with protease inhibitors (Complete Mini Protease Inhibitor Cocktail tablet). Samples were then briefly sonicated and vortexed at 14,000 r.p.m. for 30 mins at 41C, and supernatants were collected for protein assay. Protein concentration was determined by Bio-Rad DC Protein Assay (Hercules, CA, USA), with sample solutions diluted to contain 1 mg/mL of protein for immunoblotting.
Western Blotting Analysis of Calpain-Mediated a-Spectrin Degradation
To measure calpain-mediated a-spectrin proteolysis, aliquots of each cortical sample (a total of 5 mg) were run on a SDS/polyacrylamide gel electrophoresis Precast gel (3% to 8% Tris-Acetate Criterion XT Precast gel, Bio-Rad) and transferred onto a nitrocellulose membrane using a semidry electrotransferring unit set at 15 V for 15 mins as previously described (Deng et al, 2007) . After gel transfer, membranes were incubated in a Tris-buffered saline blocking solution with 5% milk for 1 h at room temperature. The blots were then probed with an anti-a-spectrin antibody (monoclonal, Affiniti FG6090) at a dilution of 1:5000 in Tris-buffered saline with Tween 20 blocking solution with 5% milk, followed by a goat antimouse secondary conjugated to an infrared dye (1:5000, IRDye800CW, Rockland). Densitometric analysis of western blots was performed using a Li-Cor Odyssey Infrared Imaging System, to quantify the level of the 145 and 150 kDa a-spectrin breakdown products (SBDPs 145 and 150). A standardized protein loading control was included on each blot to normalize the band densities so that comparisons could be made across multiple blots. This was made up of pooled brain tissue protein collected from previously run TBI mice that gave strong bands corresponding to the 280 kDa parent a-spectrin, the 150 kDa, and the 145 kDa breakdown products. The amount of protein in the loading control had been previously determined and shown to be within the linear range as measured with the Li-Cor Odyssey Infrared Imaging System. All the samples were then averaged as mean ( ± s.e.m.).
Experimental Design for Motor Functional Recovery and Neurodegeneration Studies
Our neurological motor function experiments involved four groups of mice (sham, vehicle-treated intraperitoneally, 10 mg/kg NIM811-treated intraperitoneally, and 20 mg/kg CsA-treated intraperitoneally) with an N of 12 per group, and 1 animal per N. Depending on group designation, animals received either no injury and no drug administration; a bolus dosage (10 mg/kg intraperitoneally) of NIM811 in a solution of polyethylene glycol/sterile saline/cremaphor oil; a bolus dosage (20 mg/kg intraperitoneally) of CsA in a solution of polyethylene glycol/ sterile saline/cremaphor oil; or an equivalent volume of vehicle (as described above) at 15 mins and again at 24 h postinjury. In our neurodegeneration experiments, eight animals/group were randomly selected from those used to conduct the Neuroscore motor function analysis and killed at 7 days after TBI for de Olmos aminocupric silver staining (i.e., neurodegeneration) measurement.
Neuroscore Motor Function Analysis
A composite Neuroscore test was conducted to assess the neurological motor function of sham and brain-injured animals at 48 h and 7 days post-TBI as previously described (McIntosh et al, 1989) , with slight modifications for use in mice (Raghupathi et al, 1998) . This motor test has been shown to correlate with injury severity (Nakamura et al, 1999) , and is known to be sensitive to pharmacological manipulation (Saatman et al, 1997) . Animals were tested at 48 h and 7 days postinjury and were given an integer score from 0 (severely impaired) to 4 (normal) for each of the following indices: fore-limb function, hindlimb function, and resistance to lateral pulsion. For foreand hind-limb function analysis, animals were either suspended by the tail for measurement of grip strength of fore limbs, and extension and flexion of hind limbs, or subjected to a grid-walk test for evaluation of foot falls. In the lateral pulsion analysis, animals were tested on their ability to resist lateral pulsion toward left and right. Animals that performed normally received as much as 12 points (4 points multiplied by 3 indices). Evaluation of neurological motor function was conducted by an experienced investigator, who was blinded as to treatment groups.
de Olmos Silver Staining Analysis of Neurodegeneration
After neurobehavioral analysis at 7 days postinjury, we examined the extent of neuronal damage using the de Olmos aminocupric silver staining histochemical technique as previously described (de Olmos et al, 1994; Hall et al, 2008; Switzer, 2000) . As we have recently observed , this method selectively stains degenerating neuronal axons and dendrites, but not cell bodies. However, we have shown that histological methods that simply reveal either surviving or degenerating neurons greatly understate the major aspect of posttraumatic neuronal damage that involves the neuronal processes. Considering the important role of axonal injury in TBI pathologic study and pathophysiology (Buki et al, 1999a; Buki et al, 2000; Povlishock et al, 1999) , the assessment of neuroprotection by this method seems very appropriate. Moreover, we have successfully validated the technique for assessment of neuroprotection in previous studies (Deng-Bryant et al, 2008; Kupina et al, 2003; Kupina et al, 2002) .
At 7 days, mice (N = 8/group) were overdosed with sodium pentobarbital (200 mg/kg intraperitoneally) and transcardially perfused with 0.9% sodium chloride, followed by a fixative solution containing 4% paraformaldehyde. After decapitation, the heads were stored in a fixative solution containing 15% sucrose for 24 h after which the brains were removed, placed in fresh fixative, and shipped for histological processing to Neuroscience Associates Inc. (Knoxville, TN, USA). Brains used for this study were embedded into one gelatin block (Multiblock Technology, Neuroscience Associates). The block was then frozen and 13 35 mm coronal sections of 420 mm apart between 1.1 mm anterior and 4.4 mm posterior to bregma were silver stained and counterstained with Nuclear Fast Red, to reveal degenerating neuronal processes. Brain sections were then photographed on an Olympus Provis A70 microscope at Â 1.25 magnification using an Olympus Magnafire digital camera, and analyzed by Image-Pro Plus (4.0). The percentage area of silver staining for each brain section was calculated by dividing the area of ipsilateral hemispheric silver staining in each section by the area of the contralateral hemisphere and multiplying by 100. The volume of silver staining in the ipsilateral hemisphere as a percentage of the contralateral hemispheric volume was estimated by the equation %V = (t Â S a i (s))/(t Â S a c (s)) Â 100, where % V is percent silver stain volume, t = the distance between sections analyzed (420 mm), and S a(s) is the sum of area of silver staining for ipsilateral (i) and contralateral (c) hemispheres in all sections examined (13 for each brain). As explained in our previous work (Hall et al, no. 1228 , the cortical contusion volume is added into the silver staining volume even though the contusion site has cavitated by 7 days as it is part of the overall volume of neurodegeneration.
Experimental Design for Therapeutic Window Study Using a-Spectrin Proteolysis as an End Point
Our final therapeutic window experiments for NIM811 involved seven groups of mice with an N of 8 per group, and 1 animal per N. Depending on group designation, animals received either no injury and no drug administration; a bolus dosage (10 mg/kg intraperitoneally) of NIM811 administered at either 15 mins, 1, 3, 6, or 12 h postinjury; or an equivalent volume of vehicle (as described above) administered at 15 mins postinjury. Animals were then killed at 24 h after TBI, and calpainmediated a-spectrin breakdown was measured as described above.
Statistical Analysis
For the spectrin and neurodegeneration studies, results were expressed as the mean ± s.e., using a Statview 5.0 statistical program. For treatment group analyses, we performed a one-way analysis of variance (ANOVA), followed by Student-Newman-Keuls post hoc analysis to determine the significance of differences between groups. For the motor function behavioral studies, we performed a one-way Kruskal-Wallis ANOVA, followed by Mann-Whitney U-post hoc analysis, using a Statistica statistical program. For all ANOVAs, a P < 0.05 was required to establish a statistically significant difference across the groups. In addition, for both post hoc analyses, the programs determined significance based on a correction for multiple comparisons among groups.
Results
Ability of NIM811 and CsA to Attenuate Posttraumatic Calpain-Mediated Cytoskeletal Degradation
In a first set of experiments, we compared the ability of a 10 mg/kg intraperitoneal dose of NIM811 and a 20 mg/kg intraperitoneal dose of CsA to preserve cellular cytoskeleton by preventing calpainmediated a-spectrin breakdown after TBI. In an earlier study, we showed that 10 mg/kg NIM811 represents the optimum dosage in preserving mitochondrial bioenergetics at 12 h postinjury (Mbye et al, 2008) . Furthermore, previous studies by Sullivan and colleagues have established that 20 mg/kg CsA is the optimum dosage in regards to attenuating cortical lesion in mice after CCI injury . Thus, we adopted the 10 and 20 mg/kg doses of NIM811 and CsA, respectively, to compare their protective effects on cytoskeletal degradation (a-spectrin breakdown) after CCImediated injury in mice. Densitometric western blot analysis of SBDPs was conducted at 24 h ( Figure 1A ) after injury in cortical tissues isolated from sham (craniotomy, but no injury) and injured animals treated with either NIM811, CsA, or equivalent volume of vehicle. The 24 h time point was chosen based on it being the peak of posttraumatic a-spectrin breakdown in the mouse CCI model (Deng et al, 2007 ) .
One-way ANOVA for 145 and 150 kDa SBDPs revealed a statistically significant effect across experimental groups (F = 14.4, 24.1; d.f. = 3.28; P < 0.0001). Subsequent Student-Neuman-Keuls post hoc comparison of intergroup differences showed that mean 145 kDa SBDP in ipsilateral cortical tissue isolated from injured vehicle-treated animals was 760% higher (P < 0.0001) compared with the levels in sham, noninjured animals ( Figure  1B ). The 150 kDa SBDP was 380% higher. In contrast, mean 145 kDa SBDP in cortical tissue isolated from either NIM811-or CsA-treated groups were significantly (P < 0.02) decreased with a 60% decrease in the case of NIM811 and a 33% decrease in the case of CsA, compared with the levels in vehicle-treated animals. For the 150 kDa SBDP, the reduction by NIM811 was 52% whereas that by CsA was 37%. Although the NIM811 effects seem to be greater than those for CsA in the case of both SBDPs, the differences in the effect size between the two compounds were not significant.
Ability of NIM811 and CsA to Improve Motor Functional Recovery after TBI
In a second set of experiments, we evaluated the ability of two-bolus injections of NIM811 and CsA at 15 mins and 24 h postinjury to improve motor function recovery of animals at 48 h (Figure 2A) , by comparing the Neuroscore measurement of sham and injured animals treated with either vehicle, 10 mg/kg NIM811, or 20 mg/kg CsA. The ANOVA showed a statistically significant difference across groups (control subjects = 9, d.f. = 3; P < 0.005). Post hoc analysis of composite Neuroscore revealed that CCI-mediated TBI caused significant (P < 0.005) motor impairment in vehicle-treated animals relative to sham, noninjured controls. However, the motor function of animals treated with either NIM811 or CsA was significantly (P < 0.005) improved compared with their vehicle-treated counterparts. Moreover, the motor performance of animals treated with either NIM811 or CsA was not significantly different than that of the sham group.
Further evaluation of motor function at 7 days postinjury ( Figure 2B) show similar results to those obtained from at 48 h. The ANOVA revealed a significant difference across experimental groups (control subjects = 11.6, d.f. = 3; P < 0.008). Likewise, the TBI-induced motor deficits in the vehicletreated brain-injured animals relative to sham were still significant (P < 0.0005). In contrast, motor function of animals treated with two injections of either NIM811 or CsA remained significantly (P < 0.0005) improved compared with the vehicletreated group, and neither drug-treated group showed a significant difference compared with Figure 1 Representative blot for spectrin breakdown products (A) and quantitative effects of NIM811 and CsA on post-traumatic calpain-mediated cytoskeletal degradation at 24 h after severe CCI (B). Plotted is the mean (±s.e.m.) level of SBDPs in the injured cortex for each group. TBI caused significant increase in both 145 and 150 SBDPs in vehicle-treated animals, and treatment with either 10 mg/kg of NIM811 or 20 mg/kg of CsA significantly ameliorated a-spectrin breakdown. Statistical differences (one-way ANOVA and Student-Neuman-Keuls post hoc test): *P < 0.05 versus sham, @ P < 0.05 versus vehicle, n = 8.
sham. Furthermore, at both the 48 h and 7-day time points, there was no difference between NIM811 and CsA-treated groups.
Effect of NIM811 and CsA on Neuronal Damage as Shown by de Olmos Silver Staining
After measurement of motor function at 7 days postinjury, we extracted brains and evaluated the extent of neuronal degeneration using the de Olmos silver staining histochemical technique. Figure 3 displays the effect of NIM811 and CsA on the volume of silver staining (i.e., neurodegeneration) in the ipsilateral hemisphere at 7 days postinjury. The one-way ANOVA revealed a statistically significant difference across experimental groups (F = 59.9; d.f. = 3,28; P < 0.0001). Subsequent StudentNewman-Keuls post hoc comparisons of group differences showed that mean volume of silver staining for vehicle-treated animals, as a percent of contralateral hemisphere was significantly (P < 0.0001) higher with 528% increase, compared with that of tissue isolated from sham, noninjured animals. However, mean volumes of neurodegeneration were significantly (P < 0.0001) decreased with a 38% decrease in the case of NIM811 and 36% decrease in the case of CsA, relative to the vehicle-treated group. Figure 3 includes typical photomicrographic examples of silver staining at the injury epicenter in vehicle-, NIM811-, and CsA-treated mice.
Therapeutic Window of NIM811, as Measured by Calpain-Mediated a-Spectrin Breakdown
In a final set of experiments, we evaluated the therapeutic window for NIM811 in regards to its ability to attenuate posttraumatic calpain-mediated a-spectrin proteolysis after CCI-TBI in mice. Mice were treated with NIM811 (10 mg/kg, intraperitoneally) beginning at 15 mins, 1, 3, 6, or 12 h postinjury and the levels of the 145 and 150 kDa SBDPs were measured at 24 h postinjury compared with sham and vehicle-treated groups. Figure 4A shows a sample western blot of the intact 280 kDa parent spectrin, and the 150 and 145 kDa SBDP bands, which show a dramatically increased band density after injury with only vehicle treatment, and a decrease in both the 150 and 145 kDa bands, relative to vehicle, after NIM811 treatment at all of the postinjury treatment delays. The one-way ANOVA revealed a statistically significant difference across experimental groups (F = 3.25, 3.04; d.f. = 6,49; P < 0.01) in the level of the calpain-specific 145 kDa ( Figure 4B ) and the calpain/caspase 3-mediated 150 kDa ( Figure 4C ) SBDPs. Similar to the earlier findings in our previous spectrin breakdown study, subsequent post hoc analysis revealed that animals treated with vehicle had a significantly (P < 0.0001) higher level of both SBDPs compared with sham, noninjured animals ( + 1160% for the 145 kDa and + 950% for the 150 kDa). In contrast, animals treated with 10 mg/kg NIM811 at 15 mins, 1, 3, 6, or 12 h postinjury all had a significantly (P < 0.05) decrease levels of SBDPs in comparison to vehicle-treated animals. No difference in SBDP levels between NIM811-treated groups were observed, indicating that a 12 h delay in NIM811 dosing regiment is just as effective in reducing a-spectrin proteolysis as when the compound is administered only 15 mins after injury.
Discussion
Previous studies have shown that administration of cyclosporin A (CsA), a potent modulator of the mPTP, attenuates mitochondrial dysfunction and neuronal damage after experimental TBI in rodents (Mbye et al, 2008; Scheff and Sullivan, 1999; Sullivan et al, 2000a; Sullivan et al, 2000b; Sullivan et al, 1999; Buki et al, 2000; . Moreover, other investigators have reported that the mitochondrial and neuroprotective efficacy of CsA after an insult to the CNS includes a reduction in calpain activation (Ferrand-Drake et al, 2003) , axonal damage , and an improvement in memory performance (Alessandri et al, 2002) . Cyclosporin A's neuroprotective mechanism is believed to be mediated through inhibition of mitochondrial permeability transition by binding to cyclophilin D (Cyp-D), which is a necessary component of the mPTP. However, other investigators (Singleton et al, 2001 ) have suggested that the compound's neuroprotective capability may also be mediated through a mechanism related to its immunosuppressive property that involves inhibition of the cellular phosphatase calcineurin that in turn leads to decreased levels of the phosphorylated form of the nuclear factor of activated T cells and a resulting decrease in the levels of certain interleukins and cytokines (Pattison et al., 1997) . However, we have recently shown that the posttraumatic mitochondrial protection seen with CsA can be duplicated by administration of the CsA analog NIM811 (Mbye et al, 2008) that has no interaction with calcineurin (Waldmeier et al, 2002) .
In an attempt to further explore the neuroprotective efficacy of CsA, we compared the ability of a 10 mg/kg intraperitoneally dose of NIM811 and a 20 mg/kg intraperitoneally dose of CsA to preserve the cytoskeleton by preventing calpain-mediated a-spectrin breakdown after TBI. Densitometric analyses of 145 and 150 kDa breakdown products indicated that SBDP levels in tissue isolated from vehicle-treated animals were significantly higher compared with those from sham, noninjured animals. Injury-induced spectrin proteolysis was significantly decreased by treatment with either NIM811 or CsA. Although the reduction in calpain-mediated cytoskeletal degradation was only partial for both drugs, and the levels remained significantly higher than those in the sham animals, NIM811 decreased both SBDPs by 60% compared with the vehicle-treated group. Furthermore, although NIM811's effect size appeared to be larger than that for CsA, the efficacy difference was not statistically significant, indicating equal cytoskeletal protective efficacy for NIM811 and CsA. These results are consistent with previous findings where Figure 3 Effects of NIM811 and CsA on de Olmos silver staining (i.e., neurodegeneration) in the ipsilateral hemisphere at 7 days after severe CCI. Plotted is the mean ( ± s.e.m.) volumetric percentage of silver staining for each group, including sham, noninjured animals. TBI caused a significant increase in silver staining in the ipsilateral hemisphere of vehicle-treated animals, relative to sham, and treatment with either 10 mg/kg of NIM811 or 20 mg/kg of CsA at 15 mins and 24 h postinjury significantly reduced neurodegeneration compared with vehicle-treated group. Photomicrographs show 4 Â magnification of injury and treatment effects on silver staining after severe CCI, as shown by enlargement of injury cavity in the vehicle-treated group, and a reduction in cavity in the NIM811-and CsA-treated groups compared with vehicle-treated groups. Statistical differences (one-way ANOVA and Student-Neuman-Keuls post hoc test): *P < 0.05 versus sham, @ P < 0.05 versus vehicle, n = 8. Photomicrographs show typical cross-sections through the epicenter of the injury in sham, vehicle-, NIM811 and CsA-treated mice. Figure 4 Therapeutic window of NIM811, as measured by calpain-mediated a-spectrin breakdown 24 h after severe CCI. Representative western blot of spectrin breakdown products (145 and 150 kDa SBDPs) after administration of NIM811 at either 15 mins, 1, 3, 6, or 12 h postinjury (A). TBI increased both 145 and 150 SBDPs. Delayed treatment with 10 mg/kg of NIM811 out to 12 h attenuated a-spectrin degradation relative to vehicle treatment. A one-way ANOVA revealed a statistically significant difference across experimental groups in the amount of SBDPs for both the 145 kDa (B) and 150 kDa (C) SBDPs. Subsequent Student-Newman-Keuls post hoc analysis revealed that animals treated with vehicle had a significantly (P < 0.0001) higher mean of SBDPs compared with sham, noninjured animals. In contrast, animals treated with one bolus of 10 mg/kg of NIM811 at 15 mins, 1, 3, 6, or 12 h postinjury all had a significantly (P < 0.05) decrease mean of SBDPs than vehicle-treated animals. *P < 0.05 versus sham, @ P < 0.05 versus vehicle, n = 8.
Comparative neuroprotective effects of cyclosporin A and NIM811
LHAN Mbye et al we showed that NIM811 was as effective as CsA in attenuating mitochondrial oxidative damage and respiratory dysfunction (Mbye et al, 2008) . Controlled cortical impact TBI caused significant motor impairment in terms of fore-limb and hindlimb extension, grid-walk footfalls, and the ability to resist lateral pulsion. Treatment of mice with either 10 mg/kg NIM811 or 20 mg/kg CsA at 15 mins and again at 24 h postinjury improved motor function to the same level seen in the sham, noninjured animals at both 48 h and 7 days after injury. This normalization of motor function by both compounds was associated with a neuroprotective effect of both NIM811 and CsA in terms of attenuating posttraumatic neurodegeneration at 7 days postinjury, as measured by the de Olmos silver staining histochemical technique, which selectively stains degenerating neuronal processes (de Olmos et al, 1994; Switzer, 2000) . Post hoc comparison of group differences from this study showed that mean volume of silver staining as a percentage of contralateral hemisphere from animals treated with vehicle alone was still significantly higher than that of sham, noninjured animals. However, mean volumes of neurodegeneration were significantly decreased by 38% in the NIM811-and 36% in the CsA-treated animals, relative to vehicle-treated animals. This suggests that a partial neuroprotective effect combined with intrinsic neurological recovery processes may be able to completely restore neurological function. However, the essentially complete motor functional recovery-promoting effects of NIM811 need to be further studied using behavioral methods that may be more sensitive for the demonstration of residual neurological deficits than the Neuroscore motor function analysis method.
To conduct a more comprehensive analysis of NIM811, we determined the extent of its neuroprotective therapeutic time window by administering a single dose of 10 mg/kg NIM811 at 15 mins, 1, 3, 6, or 12 h postinjury, followed by evaluation of posttraumatic a-spectrin breakdown at 24 h postinjury. The results of these experiments showed that NIM811 therapy retained its protective efficacy even when treatment initiation is delayed until 12 h after TBI. The fact that the onset of NIM811 treatment 12 h postinjury is as effective as initiation at 15 mins illustrates that the secondary injury process is still inhibitable by pharmacological neuroprotective intervention at longer periods at least in the case of NIM811. Previous studies with CsA in the rat CCI-TBI model have shown that the compound is still able to reduce posttraumatic brain damage even when delayed to 24 h postinjury (Sullivan et al, 2000a) . The current therapeutic experiments with NIM811 using 24 h cytoskeletal degradation as the neuroprotective end point did not allow for a full definition of the maximum possible treatment delay since 24 h represents the peak of posttraumatic a-spectrin degradation in the currently used mouse CCI-TBI model (Deng et al, 2007) . However, it seems unlikely that cytoskeletal protective efficacy could extend much beyond 12 h as there is a significant increase (doubling) in a-spectrin degradation between 12 and 24 h (Deng et al, 2007) . Moreover, even though spectrin degradation provides a reasonable surrogate for posttraumatic neurodegeneration, additional experiments are needed to confirm that NIM811 can lessen histological damage and improve behavioral recovery when its administration is delayed until 12 h postinjury.
The neuroprotective property that is shared by CsA and NIM811 is the ability to prevent mitochondrial permeability transition, by binding to Cyp-D and blocking its association with the adenine nucleotide translocase (ANT), which in turn prevents the formation and opening of the mPTP (Albensi et al, 2000; Crompton, 1999; Sullivan et al, 1999) . By preventing the opening of the mPTP, CsA, and NIM811 preserve the Ca + 2 buffering and respiratory capacities of mitochondria (Mbye et al, 2008; Sullivan et al, 1999) , which prevents further cytosolic Ca + 2 overload, and subsequent calpain and caspase 3-mediated cytoskeletal degradation that has been associated with TBI.
As noted earlier, it has been suggested that calcineurin inhibition may contribute to CsA's neuroprotective effects as it does in the case of the neuroprotective actions of another immunophilin, FK506 (Marmarou and Povlishock, 2006; Reeves et al, 2007; Singleton et al, 2001) . Calcineurin is a protein phosphatase that dephosphorylates, and thus activates nitric oxide synthase (Heales et al, 1999) . Conceivably, by inhibiting calcineurin, CsA would keep NOS in its inactive state and thereby, reduce nitric oxide radical (NO) production. This would lessen formation of the NO-derived reactive oxygen species peroxynitrite, which is known to be important the pathophysiology of posttraumatic secondary injury (Deng et al, 2007) . Consistent with that possibility, we have previously showed that CsA attenuates peroxynitrite-induced oxidative damage to mitochondrial proteins (Mbye et al, 2008) . However, this mechanistic explanation cannot play a role in NIM811's neuroprotective effects as the CsA analog does not inhibit calcineurin. Moreover, because the neuroprotective efficacy of NIM811 is comparable to that of CsA and the common mechanism of action between the two compounds is Cyp-D binding and preservation of mitochondrial function (Waldmeier et al, 2002) , it is likely that mPTP inhibition is responsible for the neuroprotective activity of both compounds.
In summary, the findings in our earlier set of studies showing an impressive mitochondrial protective effect of NIM811 (Mbye et al, 2008) , coupled with the current results showing the ability of NIM811 to fully duplicate the neuroprotective and motor functional efficacy of CsA support the conclusion that the mechanism of action for the two compounds involves a maintenance of mitochondrial bioenergetic integrity, and that calcineurin inhibition appears to play a little or no role. Furthermore, because of its lack of calcineurin inhibition and immunosuppressive properties (Waldmeier et al, 2002) , NIM811 may provide a safer alternative for post-TBI neuroprotection than CsA.
